Purpose: Investigation of the longitudinal effect of schizophrenia on changes in various brain-metabolite levels and their relationships with cognitive deficits that have not been fully explained yet. Methods: Five years subsequent to their first examination for their first episode of schizophrenia, eleven patients from an original group of 30 were reexamined. Their cognitive functions were assessed with the Wisconsin Card Sorting Test. Magnetic resonance imaging and proton magnetic resonance spectroscopy were performed on a 1.5 T scanner. Voxels of 8 cm 3 were positioned in the left frontal lobe, left temporal lobe, and the left thalamus. The study had a naturalistic design, and patients were treated with various antipsychotics. Results: No significant statistical differences between the baseline and follow-up in N-acetylaspartate (NAA:creatine plus phosphocreatine [Cr] and NAA/H 2 O) levels were observed in any region of interest. We found a significant statistical correlation between 5-year difference in frontal NAA/Cr levels and duration of the last antipsychotic treatment in this period (R=0.908, P=0.012). We found a trend (P=0.068) toward lower choline-containing compounds (Cho/Cr ratio) in the temporal lobe over 5 years and a trend (P=0.079) in higher glutamate-glutamine-GABA (Glx/H 2 O) levels in the left thalamus. The patients showed social and clinical improvement at follow-up examination, and there were no changes in Wisconsin Card Sorting Test results.
Introduction
A few complex theories explaining the neurobiological processes of schizophrenia have been developed based on growing evidence, mostly from neuroimaging studies. The neurodegenerative theory of schizophrenia is based on Kraepelin's observation on the progressive illness process. Liebermann 1 proposed the hypothesis that schizophrenia involves a limited neurodegenerative process reflected by psychotic symptoms, and moreover such a process is most active in the early stages of illness. According to the neurodevelopmental theory of schizophrenia, etiologic and pathogenic factors occur early in brain development, and symptom occurrence is connected with the normal maturation of brain areas affected by early developmental pathology, particularly the dorsolateral prefrontal cortex. 2 Woods 3 proposed a progressive developmental mechanism of schizophrenia that can reconcile neuropathological and imaging data, while being compatible with early onset and late deterioration. With regard to these three theories, time and duration of disease are very important variables for morphological and neurochemical brain changes in schizophrenia.
Magnetic resonance spectroscopy (MRS) may allow for testing the neurobiological models of pathogenesis of psychiatric diseases. [4] [5] [6] [7] [8] [9] This method enables in vivo evaluation of chemical tissue composition and identification of chemical compounds. An N-acetylaspartate (NAA) signal is the most visible in proton spectra ( 1 H MRS). The level of NAA increases during brain growth, and reflects the development of dendrites, synapses, and neuronal somata. 5 A decrease in NAA concentration in stroke may indicate neuronal loss or dysfunction. The relationship between NAA levels and duration of schizophrenia has been analyzed in cross-sectional studies. A significant inverse relationship between NAA and creatine-phosphocreatine (Cr) in the left dorsolateral prefrontal cortex and disease duration has been observed. 9 The mean duration of illness in that study was 6 years, so it suggests that reduced NAA concentration may occur primarily in the early years of the illness. 9 Other frequently checked spectroscopic brain metabolites include: glutamate-glutamine (Glx; combined signal, with minor contribution from GABA), choline-containing compounds (Cho; a measure of cellular density), Cr, a marker of cellular energy level, and myoinositol (mI; a marker of brain osmotic balance and glial cells). [5] [6] [7] [8] [9] Most studies in this area have been cross-sectional, while longitudinal studies allow for distinguishing the progressive aspects of illness from static ones, but few studies have been reported. Longitudinal studies (lasting up to 24 months) 11, 12 point to a global or frontal brain NAA decrease or increase in the cingulate cortex and to a glutamate increase in the thalamus and cingulate, whereas a longitudinal study lasting 80 months 10 on schizophrenia duration/treatment, found no changes in NAA and decreased glutamate levels in the thalamus. Glutamatergic alterations and gray-matter loss in schizophrenia in longitudinal studies are consistent with neurodegeneration; 10 nevertheless, results regarding NAA levels were variable in these studies: a 2-year reduction or no NAA differences in a longer study. [10] [11] [12] As earlier longitudinal studies found changes only in glutamate levels, we decided to check and reexamine patients after 5 years of illness to determine whether other progressive metabolite changes would be observed in the frontal and temporal lobes, as well as in the thalamus. Our hypothesis was that NAA levels would be decreased.
Methods subjects
The first examination was performed during patients' first hospitalization at the Department of Psychiatry of the Medical University of Białystok and at the Psychiatric Hospital in Choroszcz. Subjects were included in the study from consecutively admitted patients. The original group consisted of 30 patients with first-episode schizophrenia. 13 For a current sample of eleven patients, there were five women and six men, with mean age 23.5±2.61 years and mean duration of illness 6 months. At baseline, patients were given the diagnosis of schizophrenia according to ICD10 criteria: paranoid type (n=9) and undifferentiated type (n=2). One patient was scanned as neuroleptic-naïve and ten received stable doses of antipsychotics (five risperidone, four olanzapine, one haloperidol). Mean antipsychotic doses (chlorpromazine equivalents) were 358 mg/day, 14 and the mean number of days on antipsychotic drugs was 50 days until the neuroimaging examination. The subgroup of eleven patients did not differ from the initial group of 30 patients in terms of sex, age, education, length of illness, severity of clinical symptoms, doses of antipsychotics, or length of treatment. All the examined patients were right-handed, determined with the Edinburgh Handedness Inventory.
The follow-up examination was performed 5 years after baseline examination (mean 67.1±12.42 months, 48-87 months). Patients were scanned and underwent clinical and cognitive examination. From the initial group of 30 patients, eleven were contacted and responded (the remaining 19 were lost to medical observation). These were inpatients (n=3) and outpatients (n=8). The mean age of patients was 28.7±2.68 years and mean length of illness 5.5±1.2 years. Ten patients met the criteria for schizophrenia -eight paranoid type and two undifferentiated type -and one for schizoaffective disorder. All patients were treated with antipsychotic medication (atypical and typical antipsychotics in combination: clozapine, olanzapine, risperidone, quetiapine, zuclopenthixol, haloperidol, perphenazine). The mean duration of treatment with the last medication before the second examination was 10 months, and the mean dose (chlorpromazine equivalents) was 376 mg/day.
14 Some patients were also treated with mood stabilizers (n=3) and antidepressants (n=4). Clinical symptoms at baseline and follow-up were assessed by a battery of psychiatric measures: Positive and Negative Syndrome Scale submit your manuscript | www.dovepress.com
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Galińska-Skok et al (PANSS), 15 Calgary Depression Scale for Schizophrenia (CDSS), 16 Clinical Global Impression (CGI), 17 and Global Assessment of Functioning (GAF). Study-exclusion criteria were central nervous system organic damage confirmed on routine neurological and MR examinations, present and active alcohol and other psychoactive substance dependence, and contraindications to conduct MR examinations.
This study was carried out in accordance with the recommendations of the Declaration of Helsinki and the Bioethical Committee of the Medical University of Białystok. The protocol was approved by the Bioethical Committee of the Medical University of Białystok. All subjects provided written informed consent in accordance with the Declaration of Helsinki to participate in the baseline assessment and after 5 years at follow-up.
Mr imaging and 1 h Mrs
MR imaging and MRS examinations were performed at the Department of Radiology, Medical University of Białystok, on a 1.5 T scanner (Eclipse; Picker International, Highlands Heights, OH, USA) with a standard circularly polarized head coil. A description of this method has been provided by Galińska et al. 18 T 1 -weighted fast scans and conventional fast spin-echo T 2 -weighted series were obtained.
1 H MRS examinations were carried out by means of single-voxel point-resolved spectroscopy (PRESS) sequences with the parameters T R =1,500 ms, T E =35 ms (T E1 =~17 ms), number of excitations 192, and 3,906 kHz bandwidth. Voxels of 2×2×2 cm 3 were positioned in the left frontal lobe, left temporal lobe, and the left thalamus. In order to shorten the time of scanning, left-sided voxels were analyzed. A trained investigator located voxels by eye by means of T 1 -weighted sections in sagittal, coronal, and axial planes, and the inclusion of cerebrospinal fluid was minimized. The left frontal lobe voxel was localized in a region that included superior and middle frontal gyrus, above the anterior horns of the lateral ventricles, and comprised mostly of white matter and cortex. The left temporal lobe voxel was localized in the region that included the middle and inferior temporal gyrus. The left thalamus voxel included mostly thalamus tissue and small portions of different structures, eg, the posterior limb of the internal capsule ( Figure 1 ). For the follow-up scan, we took into consideration the voxel position at the initial scan. This was done individually for each patient. Next, the signal over the voxel was shimmed to within a line width of 3-7 Hz and transmitter-pulse power optimized by automated procedures. The multiply optimized insensitive suppressiontrain method was applied to suppress the signal from water. 19 Via 2.0C software provided by Picker was used to analyze spectroscopic data. 1 H MRS data were zero-filled to 8,192 points and residual water resonances removed using time-domain high-pass filtering. Exponential Gaussian transformation was applied as a time-domain apodizing Gaussian filter. Next, data were Fourier-transformed and phasecorrected. After the application of a Legendre polynomial function to approximate the baseline, automated curve fitting was performed using an iterative, nonlinear least-squares fitting procedure by means of the Levenberg-Marquardt algorithm. Line shapes of the simulated peaks used in the fitting process were fixed with 85% Gaussian and 15% Lorentzian fractions. Simulated peaks were created using a table of brain metabolites within Via 2.0. Only spectra with the best fit (exactly overlapping and adjusted raw spectrum lines) were included. Metabolites assessed were NAA at 2.01 ppm, Glx in the area from 2.11 ppm to 2.45 ppm, Cho at 3.22 ppm, Cr at 3.03 ppm, and mI at 3.56 ppm (Figure 1 ). Then, metabolite to creatine ratios were analyzed. The ratio of metabolites to unsuppressed water signals was also calculated:
Metabolite area Unsuppressed water area ×1 000 ,
cognitive functions
Cognitive functions were tested by the Wisconsin Card Sorting Test (WCST), which is considered a measure of "executive function" and assesses abstract reasoning ability and flexibility in problem-solving. 20 We used the WCST Computer Version 2 Research Edition, 21 and analyzed the following measures: total errors, perseverative errors, nonperseverative errors, categories completed, and trials to complete first category.
statistical analysis
Statistical analysis was performed with the Polish version of Statistica 9.0. Metabolite ratios to creatine and water and clinical and neuropsychological results of patients at baseline and follow-up were compared using Wilcoxon's signed-rank test, due to the small sample. Relationships among all metabolites and clinical characteristics, doses, time of treatment, and neuropsychological results at start and follow-up were analyzed with Spearman's correlations. For these results, we also performed post hoc analyses with Bonferroni corrections. In addition, dose of antipsychotics and duration of treatment were also correlated with differences in metabolite levels (last minus first day of study) without post hoc analyses. P,0.05 was taken as significant. 
Results
Mean metabolite ratios at baseline and follow-up are shown in Table 1 . There were no significant differences in any region studied in NAA/Cr or NAA/H 2 O, the main metabolite of interest. No metabolite ratios from any of the three regions studied correlated with antipsychotic dose at baseline or follow-up. There was a trend toward a lower Cho/Cr ratio in the temporal lobe (P=0.068) and a trend (P=0.079) toward a higher Glx/H 2 O ratio in the left thalamus over 5 years.
Clinical characteristics of patients and WCST results are shown in Table 2 . There was a significant improvement in patients' social, occupational, and school functioning according to the GAF scale (P,0.05). Depressive symptoms significantly decreased (P,0.05), and the general psychopathology score on the PANSS significantly improved (P,0.05). No significant differences were observed between WCST results at baseline and second evaluation. NAA/Cr ratios from the left frontal region at follow-up significantly correlated with 
Discussion
According to our knowledge, the present study is one of few published longitudinal 1 H MRS reports on schizophrenia. Aoyama et al 10 followed 17 patients with schizophrenia for 80 months after diagnosis, Théberge et al 11 examined 16 patients with a first episode before and after 10 and 30 months of antipsychotic treatment, and Bustillo et al 12 scanned earlyschizophrenia patients and repeated 1 H MRS every 6 months up to 2 years (only six patients scanned at 2 years). We examined patients for a mean 67 months (~5 years) after the onset of the illness, which is one of the longest observations. In our study, no significant differences in NAA/Cr or NAA/H 2 O ratios in the left frontal lobe, left temporal lobe, or left thalamus were identified between baseline and follow-up. Previous longitudinal 1 H MRS studies in schizophrenia have shown conflicting short-term results: frontal NAA was reduced within the first year of treatment, 22 but there were no changes in NAA in a 2-year evaluation; 12 NAA reduction in the left anterior cingulate and left thalamus was found only between 10-month and 80-month assessments, but not between start point and 80 months; 10 and in other 30-month study, NAA decrease was not found. 11 The results of our study and others may show metabolite alterations at different stages of illness. Probably, NAA lowering develops gradually over the duration of illness and would be more noticeable in continuing observation. On the other hand, NAA reduction 
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Galińska-Skok et al may be observed only within the first year of treatment, 22 and potentially has a tendency to increase thereafter. It may also be that a larger group needs to be checked to show a real trend in NAA levels.
Since patients with schizophrenia have been treated with antipsychotic medications during long-term studies, NAA levels can be influenced by exposure to these medications. However, studies of patients with first-episode schizophrenia revealed no significant increase in previously lowered hippocampal and medial temporal NAA levels after 3 months of treatment. 23, 24 After 12 months of treatment with atypical antipsychotics, the NAA/Cr ratio in the dorsolateral prefrontal cortex did not significantly change in antipsychotic-naïve first-episode schizophrenia patients either. 25 Studies of chronic patients with schizophrenia have demonstrated NAA changes associated with antipsychotic treatment.
26-28 Therefore, type of antipsychotic treatment may have an impact on NAA levels. Increased NAA can be related to risperidone 29 or clozapine treatment. 30 On the contrary, patients receiving typical neuroleptics show lower NAA in the thalamus compared to controls. 31 Moreover, there were no changes in NAA following treatment with haloperidol or quetiapine in one study. 12 In two studies performed by Bustillo et al, 12 ,32 the antipsychotic treatment was randomized-controlled.
In our study, we did not control the regimen of treatment: we used a naturalistic design, and patients were receiving various antipsychotics (atypical and typical) due to their clinical condition. Patients in our study benefited clinically from pharmacological treatment, and at followup they exhibited improvement in social functioning and clinical symptoms (better GAF and PANSS scores). Therefore, a correlation between the 5-year difference in frontal NAA/Cr levels and duration of the last antipsychotic treatment in this period shows that the lack of significant decrease in NAA levels might have been due to effective treatment of schizophrenia. A better clinical state of schizophrenia patients at follow-up might potentially also have been due to adaptation to the disease/treatment and be the reason for the result of no longitudinal decline in cognitive processes.
Inconsistent results have been found regarding choline levels in schizophrenia. 33 Signals derived from cholinecontaining compounds are related to the concentration of phosphocholine and glycerophosphocholine, and choline level in 1 H MRS is interpreted as a measure of overall cell density and alterations in neuron membrane or myelin turnover. 27, 33 Also, choline-containing compounds and mI connected with antigliadin antibodies may reflect brain inflammation in schizophrenia. 34 In a longitudinal study by Aoyama et al, 10 there was a trend of increasing thalamic choline levels at 80 months compared to the never-treated measure. In our study, we observed a trend toward a lower Cho/Cr ratio in the temporal lobe over 5 years, suggesting a longitudinal trend in cell density or impaired neuronmembrane or myelin function in this localization. In a study by Chang et al, 35 choline in the right frontal white matter was shown to decrease with age in elderly schizophrenic subjects.
Earlier studies also found increased glutamate levels in the thalamus and cingulate cortex in schizophrenia, whereas after 24-80 months of treatment, glutamate levels in the thalamus had decreased. 10, 11 We found a trend toward a higher Glx/H 2 O ratio in the left thalamus over the 5 years of our study. The different result of a glutamate increase in our study might have been due to the neurodegenerative tendency of the thalamus. 10 As in our study and the aforementioned, 10, 11 patients were treated with first-and second-generation antipsychotics, some differences in medications might not be excluded as a reason for these discrepancies in glutamate results.
In our study, cognitive function results did not significantly differ between the baseline examination performed in the first episode and after 5 years of schizophrenia. This is consistent with the results of other studies. Cognitive functions in patients with first-episode schizophrenia and recent-onset schizophrenia did not deteriorate over 5 years. 36 In addition, an improvement in verbal IQ and full-scale IQ was correlated with a reduction in negative symptoms, which supports the view that negative syndrome is more strongly related to the level of cognitive functions than psychotic or disorganized syndrome. In our study, the level of negative symptoms had a tendency to improve, but not strongly enough to improve cognitive functions. In another study, there was no decline in cognitive functions over the first 2 years after a first episode of psychosis. 37 In others, the cognitive decline observed in the first episode of schizophrenia remained relatively stable through at least 10 years of the illness, 38 executive deficits were present in first-episode psychosis, but there was no progress over 10-12 years, 39 and impairment in executive function was observed in schizophrenia through the various disease stages, and also the negative symptoms were able to be explained by that dysfunction. 40 Studies of gene interactions with symptoms severity and cognitive functioning may also explain schizophrenia pathophysiology. 41 We may also suggest that effective treatment might stop progression in cognitive deficit in our patients.
An important problem in longitudinal studies is to maintain the results from the same persons in subsequent examinations. The number of patients is decreasing in long-term 1H MRS examinations. 12, 24, 25, 32 In our study, subjects from the initial group (30 patients) were followed up, and only eleven (36%) were available for a second examination 5 years after the first examination (the remaining 19 patients were lost to medical observation). This problem occurs not only in neuroimaging studies but also in longitudinal studies of cognitive functions in patients with schizophrenia. 38 Some factors have to be taken into consideration, eg, uncooperative patients or cooperative patients who fail to report for a follow-up or quit due to changes in their living situation. Therefore, our study has certain limitations. Firstly, the limited size of the patient group might have been insufficient to detect significant changes in NAA between two study points, because of variability measurements made by the same method in the same person. 42 The absence of findings may also have been due to selection bias. However, our subsample of eleven patients did not differ clinically from the original sample of 30 patients. Secondly, we do not have results from a control group. Thirdly, we did not perform segmentation within the volume of interest. This procedure was not available in our study, and thus we cannot exclude the possibility of regional variations in metabolite concentration. 43 Other limitations may also include low field strength (1.5 T) and no partial volume correction. The use of the unsuppressed water signal as an internal standard enhances the meaning of our results, because the observed creatine level was relatively stable. The strength of this study is its longitudinal design, which is one of the longest 1 H MRS observations of schizophrenia patients in the literature.
Conclusion
Early-schizophrenia patients on neuroleptic treatment did not show significant regional NAA decline in the first 5 years of illness, which may have been due to the effect of schizophrenia treatment. A tendency shown toward lower Cho/Cr ratio in the temporal lobe over 5 years might point to a longitudinal trend in lower cell density or impaired neuron-membrane or myelin functions in the temporal lobe. A tendency toward higher glutamate levels might have been due to the involvement of thalamic dysfunction in the chronic schizophrenia process. Despite the choline and glutamate longitudinal changes/tendencies, these patients had no worsening of cognitive functions and a better clinical state. Further studies on large patient groups are required to check other long-term metabolic changes in different brain regions of schizophrenia patients. 
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